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TECHNICAL MEMORANDUM 


ISOELECTRIC FOCUSING OF RED BLOOD CELLS IN A 
DENSITY GRADIENT STABILIZED COLUMN 

INTRODUCTION 


Cell surface properties are intimately related to cell function and 
seem to play a fundamental role in the etiology of many disease states, 
including cancer. Electrophoretic studies of several cell types indicate 
that functional differences among normal or transformed cells are reflected 
in their surface properties [1,2,3]. These differences in cell electro- 
phoretic mobility have been used as a basis for the se; a ration and 
characterization of cells. 

Cell electrophoresis suffers from the effects of gravity, which sedi- 
ments the cells and which exacerbates the convective flows generated by 
Joule heat. Since cells are too large to migrate freely through the quasi- 
solid support media used in analytical protein electrophoresis, they must 
be electrophoresed in free solutions. These are stabilized against con- 
vection and cell sedimentation by being confined to thin, fast-flowing 
buffer films in close contact with the separation chamber walls, as in 
continuous flow electrophoresis [4], or by the imposition of density 
gradients [5,6]. Cell electrophoresis separations have also been per- 
formed on board orbiting space vehicles, and no gravitational disturbances 
to the process were observed [7,8,9]. 

Future development of zero-gravity cell electrophoresis is dependent 
on a thorough understanding of the terrestrial process, and to this end 
we have studied isoelectric focusing of cells, a method which has shown 
promise in lymphocyte separations [10-13]. 

Isoelectric focusing is an equilibrium electrophoretic method in 
which amphoteric compounds are separated in a pH gradient according to 
their isoelectric points [14,15]. Sample components migrate electro- 
phoretically through the pH gradient until they reach a pH region 
corresponding to their own isoelectric pH, when their net surface charge 
becomes zero, and they come to rest. 

Gravitational stabilization is achieved in column isoelectric focusing 
by imposing a density gradient of neutrally charged carbohydrates on 
the pH gradient. If cells are to be separated, the density gradient must 
be isotonic throughout its length, and this is accomplished by inverse 
gradients of sucrose and polysucrose (Ficoll) [6]. Ficoll is known to 
increase the electrophoretic mobility of red blood cells [16,17], and 
several studies [ 10— 3 4j have reported unexpectedly high cell focusing pH. 



In the present study, the possible involvement of Ficoll and cell 
application pH in this phenomenon were investigated by focusing red 
blood cells in n density gradient stabilized column . In addition, sample 
loading, cell dispersion, column conductivity, effect of Ampholines, and 
resolution of separation were examined. 


MATERIALS AND METHODS 


Isoelectric focusing was performed in an all-glass 110 ml LKB 8100 
column, thermostatted to 4 ± 0.5°C using a Blue M constant temperature 
bath. To minimize adherence of cells to the walls of the electrofocusing 
column, the apparatus was immersed for 30 sec in 1 percent silicone 
solution (Siliclad, Clay Adams), then dried at room temperature for 
24 hr. Phosphoric acid and sodium hydroxide were used as anolyte and 
catholyte, respectively, sucrose or sucrose-Ficoll was the density gradient 
material, and the pH gradients were formed with 1 percent v/v Ampholine 
(LKB Producter, Bromma, Sweden) with pH ranges of 3-5. 3-6, and 
3.5-10. The detailed composition of electrode and gradient solutions is 
shown in Tables 1, 2, and 3. 

TABLE 1. ELECTRODE SOLUTIONS FOR CELL 
ISOELECTRIC FOCUSING 


g 

Anode Solution 

1 1 

Cathode Solution 

3.27 g 85 percent H-PO. 
1.0 g Glucose J 4 

Q.S. to 100 ml 
with distilled HgO 

(40 g Sucrose if anode 
at bottom of column) 

1.0 g NaOH 
Q.S. to 100 ml with 
distilled HgO 

(40 g Sucrose if cathode 
at bottom of column) 

a. 20 ml of each solution are used in LKB 8100 column 

TABLE 2. SUCROSE-FICOLL 

DENSITY GRADIENT SOLUTIONS 

g 

Heavy Solution 

Light Solution 8 

16.7 g Ficoll (M.W.= 
400,000) 

7.62 g Sucrose 
1.0 g Glucose 
0.037 g EDTA 
0.5 ml Ampholine 
Q.S. to 100 ml with 
distilled HgO 

3. 33 g Ficoll 
4.48 g Sucrose 
1.0 g Glucose 
0.037 g EDTA 
0. 5 ml Ampholine 
Q.S. to 100 ml with 
distilled H O 


a. 55 ml of each solution are used in LKB 8100 column 
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TABLE 3. SUCROSE-ONLY DENSITY GRADIENT SOLUTION 


Q 

Heavy Solution 

Light Solution 8 

40 g Sucrose 

1.0 g Glucose 

0.037 g EDTA 

0.5 ml Ampholine 

Q.S. tc 100 ml with distilled 

s° 

1.0 g Glucose 

0.037 EDTA 

0.5 ml Ampholine 

Q.S. to 100 ml with distilled 

H 2° 


a. 55 ml of each solution are used in LKB 8100 column. 


Following formation of density gradients with an LKB 8121 Gradient 
Mixer and an LKB Varioperpex pump at a flow rate of 1.5 ml min -1 , the 
column was prefocused for 18 hr at 500 V and initial current of approxi- 
mately 20 mA, using an LKB 2103 Constant Power Supply; after sample 
application, the voltage was raised to 1000 V, and the migration of the 
cells monitored visually until they reached equilibrium positions in the 
gradient . 


Human, turkey, and chicken red blood cells were obtained by 
venipuncture, then washed and fixed in formaldehyde as described in 
Reference 18. Electrophoretic mobilities of the red cells were measured 
in standard saline (0.15 M NaCl adjusted to pH 7.2 ± 0.2 by addition of 
0.5 M NaHCO„) using the cylindrical-tube microelectrophoresis method 

O 

described by Seaman [19], 


Fixed RBC were prepared for electrofocusing by washing three 
times in distilled water to remove salts. The packed RBC were then 
resuspended in 1 ml aliquots of gradient solution, withdrawn from the 
prefbcused pH /density gradient as described later, to a concentration 
not exceeding 10 x 10 6 RBC ml -1 ; higher cell concentrations were found 
to induce droplet sedimentation of the sample when applied to the column. 


After focusing of cells was complete, the column contents were 
drained at a flow rate of 1.5 ml min -1 and collected in 2.0 or 2.8 ml 
aliquots in an LKB 7000 fraction collector. Fraction pH was measured 
immediately using a PHM 64 pH meter (Radiometer, Copenhagen), and 
total or differential counts of unaggregated cells in each fraction were 
obtained using an AO Bright Line Hemocytometer. 

To facilitate cell application to different regions of the preformed 
pH /density gradients, the electrofocusing column was modified as follows 
Three lengths (3, 15, and 30 cm) of glass capillary tubing (1.0 mm ID, 
1.4 mm OD) were each connected to 15 cm lengths of Tygon tubing (1.3 
mm ID). The inner cooling finger of the electrofocusing column was 
removed, and the three Tygon tubes were inserted between the ground 
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glass stopper and the surface of the cooling finger, passed over the 
platinum electrode wire, and pushed out through the gradient inlet port. 
The three glass capillaries were positioned parallel to the long axis of 
the cooling finger, and cemented to its surface using Eastman 910 con- 
tact adhesive. 

This arrangement allowed cell application, from syringes connected 
to each of the three capillaries, at the bottom, middle, and top of the 
pH /density gradient, with no disturbance to the gradient. At cell 
application rates less than 1 ml min -1 , cells were found to distribute 
themselves evenly in an annular band at the open end of the glass 
capillaries; the modification also allowed withdrawal of approximately 1 ml 
of column contents for measurements of pH and for suspension of cells 
prior to their insertion into the column. 


RESULTS AND DISCUSSION 


Fixed human, turkey, and chicken RBC with closely similar electro- 
phoretic mobilities were selected as model cells in the present study. 
Turkey and human RBC, due to their different size and morphology , are 
easily discriminated in the light microscope at 400 magnifications, thereby 
allowing precise analysis of gradient fractions. In addition, the nucleated 
turkey cells provided information concerning the effects of electro- focusing 
on nucleated cells. Most importantly, the stability of fixed cells in non- 
isotonic media permitted analysis of cell electrofocusing in the presence 
or absence of Ficoll. 

The electrophoretic mobilities of formaldehyde fixed human, turkey, 
and chicken RBC were measured in standard saline using microelectro- 
phoresis. The mobility distributions of each species of RBC are shown 
in Figure 1 . The mean mobilities of human and turkey RBC differed by 
0.05 ymsec -1 V -1 cm (-0.96 y msec -1 V -1 cm and -1.01 ymsec -1 V -1 cm, 
respectively). Chicken RBC showed a mean mobility of -1.16 ymsec -1 V -1 
cm. The extensive overlap of the human and turkey distributions makes 
the separation of these cells by electrophoretic methods difficult; indeed, 
continuous flow electrophoresis at physiological pH did not resolve a 
mixture of the two populations [20]. However, the mobility difference 
between human and chicken RBC (0.2 ymsec -1 V -1 cm) is comparatively 
large, and their separation by continuous flow electrophoresis is routine. 

Some properties of the sucrose-Ficoll density gradient designed by 
Boltz [6] are shown in Figure 2. In a vertical column, Ficoll concentra- 
tion, density, and viscosity decrease in a linear fashion from the lower 
electrode towards the upper, while sucrose concentration increases in the 
same direction. The pH gradient, not shown in Figure 2, is formed by 
electrolysis of a heterogeneous mixture of low molecular weight polyamino, 
poly-carboxylic acids (Ampholines) , which display a wide range of disso- 
ciation constants and high buffering capacity near their isoelectric points. 
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0,6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 

ELECTROPHORETIC MOBILITY urrmcVVn 


Figure 1. Electrophoretic mobility distributions of human, 
turkey and chicken RBC fixed in formaldehyde. (Mobility 
was measured in 0.15 M NaCl at pH 7.2.) 
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Figure 2. Composition and properties of the sucrose-Ficoll 
density gradient for isoelectric focusing of cells 
designed by Boltz [6], 

Specific variations in Ampholine composition allow the formation of wide- 
range (pH 3.5-10) or narrow-range (pH 3-5) pH gradie* s. Depending 
on the polarity of the applied field, Ampholine gradients can either 
increase or decrease from the bottom of the column up. Thus cell 
insertion and focusing positions in the column can be varied with respect 
to sucrose or Ficoll concentration at constant pH, or vice versa. Field 
reversal in elect rofocusing therefore enables discrimination between cell 
eleecrokinetic and sedimentation effects. 

The electrophoretic mobilities of fresh human RBC were measured 
in 5 ml aliquots of standard saline to which 50 ul of unfocused Ampholines 
of different pH ranges had been added. This concentration of Ampholines 
corresponded to the 1 percent v/v Ampholines used in electrofocusing. 
Despite the variation in pH of the fractions, RBC mobilities were essentially 
constant at the higher pH values, as shown in Table 4, suggesting that in 
media of high ionic strength (0.15 M) , Ampholines in the higher pH range 
present in lew concentration do not modify the electrokinetic surface 
structure of RBC. 

The mobilities of fresh human RBC were also measured in 5 ml frac- 
tions of the sucrose-Ficoll density gradient containing no Ampholines 
and shewing a stable pH of 7.2. Figure 3 depicts the variations of RBC 
mobility with fraction number , or with the sucrose/Ficoll concentrations 
along the length of the gradient. Decreasing Ficoll concentration was 
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TABLE 4. EFFECT OF AMPHOLINES ON THE ELECTROPHORETIC 
MOBILITY OF FRESH HUMAN RBC 


Ampholines, 50 1 in 
5 ml 0, 15 M NaCl 

PH 

Electrophoretic Mobility 
y msec" lV~ 1cm 

No Ampholines 

7.2 

-1.08 

3.5-10 

7.34 

-1.06 

7-10 

8.85 

-1.08 

5-7 

6.05 

I 

o 

-1 

3.5-5 

4.21 

-1.04 



J l I 1 l I 1 1 1 1 L 

2 4 6 8 10 12 14 16 18 20 22 


FRACTION NO. 


Figure 3. Electrophoretic mobilities of fresh human RBC in 
successive 5 ml fractions of a sucrose-Ficoll 
density gradient. 


associated initially with declining electrophoretic mobilities; in the middle 
of the gradient, mobilities were approximately constant at -0.3 ;jmsec"^V _1 
cm and then showed a progressive increase towards the top of the gra- 
dient. This behavior could be interpreted by Ficoll adsorpt.an to KBC's, 
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altering their electrophoretic mobilities, an effect which is related to 
polymer concentration [17]. However, the continual decline in column 
viscosity leads to apparent increases in cell electrophoretic mobilities, 
and the net effect of both phenomena appears to maintain RBC mobilities 
within a narrow range (-0.3 to -0.4 ymsec~lv _1 cm). 

To define the contribution of Ficoll concentration to the focusing 
pH of cells, fixed human RBC were inserted at three different pH’s 
(8.5, 7.0, and 4.5) into a sucrose-only stabilized column containing 
1 percent v/v wide-range Ampholines (pH 3.5-10) which had been pre- 
focused for 18 hr, giving rise to a linear pH gradient decreasing in 
value towards the anode at the top of the column. After 2 hr, the 
three human RBC samples condensed into a single band which was 
recovered at pH = 3.8 after draining of column contents (Fig. 4). When 
a sucrose-Fieoll density gradient replaced the sucrose- only gradient, the 
pH gradient remaining the same (pH 3.5-10), and fixed human RBC again 
applied as three bands at pH 11.0, 5.4, and 2.1, only those RBC applied 
at the intermediate pH migrated at all, condensing after 2 hr at pH 3.7. 
The RBC applied at extremes of pH showed substantial aggregation and 
sedimentation through the gradient (Fig. 5). 



Figure 4. Migration distance versus time for three human RBC 
samples applied to a sucrose-only gradient at pH = 8.5, 

7.0, and 4.5. (Ampholine pH gradient was 3.5-10.) 
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0 


2.4 


3.7 


S.4 

pH 

7.0 

11.0 


20 40 60 80 100 120 140 160 

TIME IN MINS. 

Figure 5. Migration distance versus time for three human RBC 
samples applied to a sucrose-Ficoll gradient at pH = 11.0, 

5.4, and 2.1. (Amphol' le pH gradient was 3.5-10.) 

To verify the validity of using fixed cells as models for living 
cells in electro focusing, this experiment was repeated with fresh human 
RBC. A sucrose-Ficoll gradient was prefocused with a narrow-range 
Ampholine pH gradient (pH 3-5). Human RBC were applied at pH = 

5.5, 2.9, and 1.9, and focused for 2.5 hr. Cells inserted at pH 5.5 
migrated a distance of 7 cm and were subsequently recovered at pH = 
3.7, while those applied at low pH did not migrate and were recovered 
in an aggregated state at pH = 2.0 and 3.0 (Fig. 6). 

The results of these three experiments suggested that exposure of 
fixed human RBC to focused Ampholines of specific differing pH's had 
little effect on their final focusing pH, except at extremes of pH, and 
that in the presence of Ficoll, the focusing pH of fresh and fixed 
human RBC was reduced only slightly, from pH = 3.8 to pH = 3.7. 

Fresh human RBC behaved similarly to fixed cells, indicating that 
formaldehyde fixate i had no effect on their isoelectric point, at least 
under these electrofocusing conditions. The results also indicated that 
viscosity, density, and concentration of the stabilizing gradient have a 
minimal effect on focusing pH, since similar pH's of cell application 
(pH = 5.4 and 5.5) at different positions in the density gradient, i.e., 
at different sucrose /Ficoll concentrations, did not modify the cell 
focusing pH. 
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Figure 6. Migration distance versus time for three human RBC 
samples applied to a sucrose -Ficoll gradient at pH = 5.5, 
2.9, and 1.9. (Ampholine pH gradient was 3-5.) 


The extent of the charged double layer at cell surfaces is inversely 
proportional to the ionic strength of the suspending medium, which is 
therefore important in defining the cell’s electrophoretic mobility and 
isoionic pH. To determine whether Ficoll influenced the ionic strength, 
and hence conductivity, of the density gradients used in electro focusing, 
the conductivity of successive fractions of a prefocused narrow-range 
Ampholine gradient (pH 3-5) was measured in the presence and absence 
of Ficoll. The resulting conductivity profile, shown in Figure 7, was 
similar in sucrose-only and sucrose -Ficoll density gradients, and exhibited 
a sharp decline from the anode (acid) end of the column. The origin of 
this conductivity gradient is unclear. Ficoll as supplied contains small 
amounts of NaCl (approximately 1 percent) , but this contaminant was not 
responsible for the observed conductivity changes, which were reproduced 
in sucrose-only density gradients. The conductivity gradient could be 
artifactual, since conductivities were measured in 2 ml fractions in the 
absence of an applied field, and could be due to Ampholine molecules 
no longer at their steady-state focusing pH. Furthermore, pH gradients 
formed in free solutions appear not to generate conductivity gradients. 
This observation is based on the results of Just et al. [20], who focused 
RBC in Ampholine pH gradients formed in a continuous flow electro- 
phoresis apparatus. He found that RBC focusing pH corresponded to 
that calculated from the extrapolation of ionic strength /cell isoelectric 
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Figure 7. Log^ conductivity (N mho cm *) versus fraction number 

for sucrose-only and sucrose-Ficoll density gradients, 
focused with Ampholines pH range 3-5. 

point data, compiled by Heard and Seaman [21], to zero ionic strength. 
The conductivity profiles of density gradient or gell-stabilized Ampholine 
pH gradients are known for cheir nonuniformity [22]; consequently, 
focusing pH in such systems does not represent isoionic pH and should 
be interpreted with ciution. 

While Ficoll seemed not to affect the focusing pH of RBC, the 
possibility remained that it could affect the cell dispersion in the gra- 
dient or cell stability at high concentrations. These aspects of cell 
electrofocusing and the specific separative capabilities of the method 
were explored in a further series of eight experiments. Ficoll-dependent 
effects were isolated by comparison of the cell distributions obtained in 
sucrose-only and sucrose-Ficoll density gradients. The results of these 
experiments are shown graphically in Figures 8 through 15; each experi- 
ment was repeated at least twice, with good reproducibility in all cases. 

Human RBC (8.4 x 10 ) were inserted into a prefocused pH range 
3-5 Ampholine gradient at pH 3.9. The gradient was stabilized with 
sucrose and a reversed field applied. Human RBC focused maximally at 
pH - 3.8 but, due in part to the shallowness of the pH gradient, were 
dispersed over 10 fractions, or 20 mis of gradient solution (Fig. 8). 
Recovery of human RBC was 64 percent, the low yield resulting from 
cell aggregation and sedimentation near their focusing pH (vide infra). 

In a steeper pH gradient (pH range 3.5-10), again with no Ficoll, turkey 
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pH 


Figure 8. Distribution profile of fixed human RBC following electro- 
focusing in a sucrose-only pH 3-5 gradient. (8.4 x 10® RBC 
were applied at pH 3.9, and recovery was 64 percent.) 



pH 


Figure 9. Distribution profile of fixed turkey RBC following, electro- 
focusing in a sucrose-only pH 3.5-10 gradient. (4.1 x 10° RBC 
were applied at pH 7.5, and recovery was 58 percent.) 
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Figure 10. Distribution profile of fixed human and turkey RBC following 
electrofocusing in a sucrose-only pH 3.5-10 gradient. (3.8 x 10 6 human 
RBC and 4.8 x 10® turkey RBC were applied at pH 5.8, and recoveries 
were 54 percent and 67 percent respectively.) 



pH 


Figure 11. Distribution profile of fixed human and turkey RBC following 
electrofocusing in a sucrose-only pH 3-6 gradient. (7.0 x 10® human 
RBC and 3.8 x 10^ turkey RBC were applied at pH 4.2, and 
recoveries were 71 percent and 82 percent respectively.) 
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Figure 12. Distribution profile of fixed human and turkey RBC following 
electrofocusing in a sucrose-only pH 3-6 gradient. (2.7 x 10® human 
RBC and 3.0 x 10® turkey RBC were applied at pH 4.7, and 
recoveries were 54 percent and 68 percent respectively.) 



Figure 13. Distribution profile of fixed human and turkey RBC following 
electrofocusing in a sucrose -Ficoll pH 3-6 gradient. (11.0 x io® human 
RBC and 4.0 x 10® turkey RBC were applied at pH 5.0, and 
recoveries were 73 percent and 70 percent respectively.) 
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Figure 14. Distribution profile of fixed human and turkey RBC following 
electro focusing in a sucrose-Ficoll pH 3-6 gradient. (10 * 10® human 
RBC and 9.6 x 10® turkey RBC were applied at pH 4.2, and 
recoveries were 80 percent and 87 percent respectively.) 


O—O HUMAN RBC 





RBC applied at pH - 7.5 condensed to a single band at pH = 4.0, with 
a dispersion covering 8 fractions (Fig. 9). Cell recovery was 58 percent. 

When human and turkey RBC were applied at a concentration of 8.5 
' 10 6 total cells per ml at pH 5.8 to a prefocused steep pH gradient (pH 
range 3.5-10) in a sucrose-only density gradient, they migrated together 
and came to equilibrium within 2 hr. Analysis of gradient fractions 
showed a focusing pH for both cell types of pH = 4.1, and no separation 
(Fig. 10). Human and turkey RBC recoveries were 54 percent and 67 
percent, respectively. 

Since shallow pH gradients are in principle capable of greater 
resolution, the experiment was repeated in a pH range 3-6 prefocused 
Ampholine gradient, with an RBC application pH of 4.2. No Ficoll was 
used in the density gradient. Analysis of the RBC distribution recovered 
after focusing showed differentiation of human and turkey RBC into two 
sub-populations (Fig. 11). However, the RBC distributions as a whole 
were superimposed, with the turkey RBC being recovered only slightly 
closer to the anode than the human RBC. The appearance of human and 
turkey RBC sub-populations in this experiment was tentatively attributed 
to high sucrose concentration at the focusing pH, since this resolution 
was not observed with human RBC in an otherwise similar pH /density 
gradient (Fig. 8). Owing to the reversed field in that experiment, RBC 
focused at pH - 3.9 were recovered in fractions of relatively low sucrose 
concentration. To assess further the role of sucrose in sub-population 
discrimination, another sample of human and turkey RF (5.7 x 10® total 
RBC per ml) was applied to a sucrose-only stabilized column at pH = 4.7 
(reversed field, low sucrose concentration) in a pH range 3-6 prefocused 
gradient (Fig. 12). Slight resolution of human and turkey RBC was 
evident in the collected fractions, but human and turkey sub-populations 
were not well resolved. Despite the field reversal, turkey RBC were 
again recovered closer to the anode than human RBC, confirming the 
electrokinetic basis of their partial resolution, rather than density sedi- 
mentation effects. Human and turkey RBC recoveries were 54 percent 
and 68 percent, respectively, and the cells were distributed over 
8 fractions, or 16 mis of gradient solution. 

When a sucrose-Ficoll density gradient was substituted for the 
sucrose-only gradient under the same experimental conditions (Ampholine 
pH range 3-6, sample insertion at pH = 5.0), human and turkey RBC 
both showed a bimodal distribution, although total cell distributions were 
again superimposed, i.e., human and turkey RBC were not separated 
from one another (Fig. 13). 

Repetition of the experiment with field reversal, finer fractionation 
of the gradient (2 ml rather than 2.8 ml fractions were collected), and 
RBC insertion close to their focusing pH again revealed the presence of 
human and turkey sub-populations, although neither cell species was 
separated from the other (Fig. 14) . 
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Since analytical microelectrophoresis of human and turkey RBC at 
pH = 7.2 shows them to possess unimodal Gaussian distributions (Fig. 1), 
resolution of both RBC's into bimodal distributions in density gradient 
electrofocusing could be artifactual. The apparent dependence of the 
phenomenon on differences in sucrose concentration at the focusing pH 
of the cells (pH = 3.8) suggests a density sedimentation effect. Con- 
tinuous flow electrofocusing of human RBC in pH 3-6 Ampholine gradients 
gave unimodal RBC distributions [20]. 

In the experiments thus far described, separation of human and 
turkey RBC differing in mobility by 0.05 ymsec _1 v _ lcm was not achieved. 
To define more closely the resolving power of cell electrofocusing, fixed 
human and chicken RBC showing a larger mobility difference of 0.2 
y msec" lv“ 1cm were applied at pH = 4.1 to a sucrose- Ficoll density gra- 
dient. prefocused for 18 hr with pH range 3-5 Ampholines. After 3 hr, 
two bands of cells were observed at equilibrium, 2.0 mm apart, close to 
the original point of insertion. The recovered cell distribution is shown 
in Figure 15. Human RBC were found in highest concentration in frac- 
tion 20 (36 percent of human RBC applied) at a pH of 3.6, while chicken 
cells focused maximally at pH = 3.7. Both cell species were recovered 
in their original proportions in 5 fraction «•, and pure human RBC were 
recovered in low concentration the sixth fraction. Although visual 
resolution in the column was good, flow disturbances to the gradient, 
incurred during draining of the column, resulted in poor resolution of 
the cells after collection. 

Finally, the effects of density gradient composition on cell disper- 
sion during electrofocusing were assessed by correlating RBC concentra- 
tions applied to the column with the total volume of cell-containing frac- 
tions recovered after focusing. The results are shown in Figure 16. 

In sucrose-only gradients, cell dispersion was approximately constant 
despite variations in RBC concentrations applied to the gradients. In 
these gradients, approximately 40 percent of the cells applied were lost 
through aggregation and sedimentation. In sucrose-Ficoll gradients, 
however, cell dispersion after focusing was proportional to the applied 
cell concentrations, and only 20 percent of the cells were lost by aggre- 
gation. Since most biological materials exhibit minimum solubility at their 
isoelectric point, which in the case of cells is expressed as aggregation 
and subsequent precipitation from suspension, these results indicated 
that Ficoll conferred some degree of stabilization on suspended cells near 
their isoelectric point. This finding is consistent with studies of 
erythrocyte aggregation in the presence of dextran which indicated that 
intercellular electrostatic repulsion was enhanced by the presence of 
adsorbed natural polymer [ 17] . However , the increased cellular disper- 
sion observed in sucrose-Ficoll gradients , particularly at applied cell 
concentrations in excess of 10 x 10® ml -1 , tends to compromise resolution, 
since closely adjacent sample bands will overlap to a greater extent. 
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Figure 16. RBC recovery volume in fractions collected after 
electrofocusing versus concentration of RBC applied 
to sucrose-only (lower curve) and sucrose-Fiooll 
(upper curve) gradients. 


CONCLUSIONS 


Preparative scale cell separation using static column isoelectric 
focusing with Ampholine pH gradients has proven difficult for two 
reasons. Firstly, Ampholine interactions with the surface of RBC may 
introduce homogeneity into an otherwise heterogeneous cell population, 
effectively limiting the resolution of the focusing system. Secondly, 
the upper limit of cell concentration that can be applied to the gradient 
is limited by droplet sedimentation and dispersion to 10~ 7 ml~l. Although 
Ficoll adsorbs to cells, it has a minimal effect on their focusing pH, and 
also stabilizes cells against aggregation. The occurrence of a substantial 
conductivity gradient in electrofocusing and the apparent resolution of 
RBC into sub-populations remain unclarified, although both phenomena 
are absent in free solution electrofocusing. 
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